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In TeV-scale gravity scenarios with large extra dimensions, black holes may be produced at future
colliders. Good arguments have been made for why general relativistic black holes may be just out of
reach of the Large Hadron Collider (LHC). However, in weakly-coupled string theory, highly excited
string states – string balls – could be produced at the LHC with high rates and decay thermally, not
unlike general relativistic black holes. In this paper, we simulate and study string ball production
and decay at the LHC. We specifically emphasize the experimentally-detectable similarities and
differences between string balls and general relativistic black holes at a TeV scale.
PACS numbers: 04.70.Bw, 04.50.+h, 12.60.-i, 04.70.-s
I. INTRODUCTION
Models of large-extra dimensions [1, 2, 3] and exper-
imental constraints [4, 5, 6, 7, 8, 9] allow the scale of
gravity to be as low as a TeV. At this scale, the intrigu-
ing possibility exists that black holes could be produced
at the Large Hadron Collider (LHC) and in cosmic-ray
events [10, 11, 12, 13, 14, 15]. This possibility has been
well studied for the case in which the black hole is treated
semiclassically, and is produced and decays according to
the concepts of general relativity (GR). In this paper,
we consider black holes as GR objects, and we will ad-
dress the issue of what happens below the energy scale
at which trans-Planckian objects are no longer considered
GR black holes.
Meade and Randall [16] have recently provided a nice
summary of the conditions required on the masses of
gravitational objects for them to be considered GR black
holes. One commonly used condition is that the entropy
of the black hole must be greater than 25 in order to
fulfill the thermodynamic description of black holes [52].
This leads to the black hole mass production requirement
of MBH >∼ 5MD, where MD is the fundamental Planck
scale in higher dimensions. IfMD is about 1 TeV, impos-
ing the GR condition on black holes leads to a require-
ment on the black hole mass of MBH >∼ 5 TeV. Thus,
because of this requirement, high mass GR black holes
may not be accessible to the LHC. Their production at
the LHC will be particularly unlikely if black holes are
not produced through totally inelastic collisions and some
of the parton energy is not available for black hole for-
mation [17, 18, 19].
Due to the steeply falling parton density distributions
in the protons with increasing parton centre of mass en-
ergy, the black hole cross section drops with increasing
black hole mass. This means that the most probable
black holes produced are those just satisfying the GR
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condition and thus closest to the fundamental Planck
scale. Unfortunately, the most accessible black holes are
also the least theoretically understood.
We will define a mass threshold at which black holes
can no longer be treated by GR. Below this GR threshold
we enter the regime of quantum gravity. In this regime,
Meade and Randall [16] have considered black-hole type
objects within composite models and have studied the
possibility of their decay into dijets (and di-leptons). An-
other exciting possibility for this regime occurs when ev-
erything below the GR threshold is treated in the context
of weakly-coupled string theory. Although string theory
is not required in TeV-scale gravity in higher dimensions,
it does allow us to postulate how a black hole makes a
transition across the GR threshold as it evaporates.
The scenario of large extra dimensions is not a model
but rather a paradigm in which models can be built. Al-
though inspired by string theory, the large extra dimen-
sions paradigm is not based on it. However, embedding
the large extra dimensions into string theory could pro-
vide an understanding of the strong-gravity regime and a
picture of the evolution of a black hole at the last stages
of evaporation [20]. In this picture, black holes end their
Hawking evaporation when their mass reaches a critical
mass. At this point they transform into high-entropy
string states – string balls – without ever reaching the
singular zero-mass limit.
It has been shown that string states produced below
the GR threshold could have a cross section comparable
to that of the black hole [21, 22, 23]. Hence, these states
will be even more accessible than black holes at the LHC.
Moreover, even if black holes are produced at the LHC,
they will evolve into these string states. In themselves,
string balls are interesting because they are a new form
of matter involving gravity and string theory. However,
if large extra dimensions are realized in a string theory of
quantum gravity, excited string states of Standard Model
particles will have TeV masses [24, 25, 26, 27, 28]. These
states could provide the first signatures of low-scale quan-
tum gravity.
Cheung [22], and Chamblin and Nayak [23] calcu-
lated large string ball cross sections at the LHC based
2on the parton cross sections of Dimopoulos and Em-
paran [21] [53]. However, full simulations were not per-
formed, and experimental and background effects were
not discussed; that is the goal of this paper. With the
startup of the LHC such detailed studies are timely and
of value.
This paper is structured as follows. In Sec. II, we sum-
marize the weakly-coupled string model of highly excited
string states embedded in large extra dimensions. The
hierarchy of the energy scales involved are discussed in
Sec. III. In Sec. IV, string ball production is described,
while in Sec. V a model for string ball evaporation is
developed. Our results are presented in Sec. VI and a
discussion follows in Sec. VII. We do not discuss excited
string resonances of Standard Model particles, nor string
effects near or below the string scale in this paper.
II. WEAKLY-COUPLED STRINGS
If the energy of parton-parton scattering is compara-
ble to the string scale, the point-particle description of
scattering will have to be replaced by a string-string de-
scription of scattering. As the energy increases above the
string scale, the string states will become highly excited,
jagged, and entangled. Such string states are commonly
referred to as string balls [21]. Eventually at high enough
energies a transition point is reached in which the string
ball turns into a black hole.
Embedding TeV-scale gravity scenarios in realistic
string models could enable calculations near MD. One
perturbative string theory with weak-scale string tension
is the SO(32) type-I theory having
1. new dimensions much larger than the weak scale,
2. O(1) string coupling,
3. Standard Model fields identified with open strings
localized on a 3-brane, and
4. a gravitational sector consisting of closed strings
propagating freely in the extra dimensions.
At present, there are no N = 1 supersymmetric string
models in accordance with the large extra dimensions
scenario, that break to only the Standard Model at low
energies without the presence of extra massless particles.
However, there are non-supersymmetric string models
that can realize the large extra dimensions scenario and
break to only the Standard Model at low energy with no
extra massless matter [29, 30].
We will consider a model with n large extra dimen-
sions and (6 − n) small extra dimensions. After com-
pactification of the small dimensions to the size of the
string length scale, we obtain a relationship between the
fundamental Planck scale and the string parameters:
Mn+2D ∼
Mn+2s
g2s
, (1)
where n is the number of large extra dimensions, Ms
is the string scale, and gs is the string coupling. The
string coupling constant is determined by the expectation
value of the dilaton field. If string theory is perturbative
(gs < 1), we see that Ms < MD for all n. Eq. (1) is an
equality to order unity. The exact numerical coefficient,
which may depend on n, is model dependent. It depends
on the string theory and compactification scheme, and
would involve one-loop calculations. The value of the
numerical coefficient normally does not matter since MD
and Ms are not well defined masses but are energy scales
at which new phenomena occur. However, for the numer-
ical calculations performed in this paper it is important
to take into account all the O(1) numerical factors in a
consistent manner. If the coefficient is greater than unity,
thenMD is greater thanMs. If the coefficient is less than
unity, there are values of gs for which Ms is greater than
MD. As in previous work, we shall take the coefficient to
be unity, and thus MD ≥ Ms. This assumption breaks
down only for the case of gs greater than the coefficient,
at which point the “highly-excited string” states are ac-
tually black hole states.
A. Correspondence Principle
According to the string theory of quantum gravity, the
minimum mass above which a black hole can be treated
general relativistically is [31, 32]
Mmin ∼ Ms
g2s
. (2)
The properties of a black hole with mass Mmin matches
those of a string ball with the same mass. This is called
the correspondence principle and the mass at which this
happens is the correspondence point. When a black hole
makes a transition to a string it can become a single
string, multiple strings, or radiation. The single string
configuration dominates since its entropy is the high-
est [21, 32].
The number of microstates of both black holes and
string balls should be the same at the correspondence
point. The entropy of a long string is proportional to its
mass:
Ss ∼
√
α′M =
M
Ms
, (3)
where α′ is the slope parameter given in terms of the
string tension T as α′ = 1/(2πT ). We have used
√
α′ =
ℓs = 1/Ms. At the correspondence point Ss ∼ 1/g2s .
The Bekenstein entropy [33] of a black hole is pro-
portional to its area. The black hole entropy in higher
dimensions is
3SBH =
4π
n+ 2
f(n)
(
M
MD
)n+2
n+1
∼ 4π
n+ 2
f(n)
1
g2s
(
g2sM
Ms
)n+2
n+1
, (4)
where
f(n) ≡
[
2nπ
n−3
2 Γ
(
n+3
2
)
n+ 2
] 1
n+1
(5)
is an n-dependent factor ofO(1). In the last expression of
Eq. (4), we have used the relationship between the fun-
damental Planck scale and the string parameters given
by Eq. (1). At the correspondence point SBH ∼ 1/g2s
and is equal to the string entropy at the correspondence
point to within a numerical coefficient. The black hole
and string entropies have the same mass dependence near
the correspondence point but the numerical coefficient is
unknown. A better understanding of the string state near
the string scale would be required to precisely determine
the coefficient.
The coefficient multiplying the correspondence point
in Eq. (2) is usually considered to be a factor of order
unity. The factor represents exactly when the string state
forms a black hole. The factor depends on the string the-
ory in terms of its entropy and the relationship between
the string scale and the fundamental higher-dimensional
Planck scale. For a factor of unity, the black hole en-
tropy is always smaller than the string entropy at the
correspondence point for common superstring theories.
We will take the coefficient in Eq. (2) to be unity as in
previous studies. If this assumption is invalid and the
coefficient is much less than unity, the energy range in
which the effects of quantum gravity are important will
be very narrow. If the coefficient is much larger than
unity, black holes are unlikely to be observed at the LHC
even if the Planck and string scales are around a TeV.
Although the correspondence principle has worked well
in four dimensions when numerical coefficients have been
dropped, it has not worked so well for a consistent set of
coefficients in higher dimensions. Halyo et al. [34] could
not get an exact match between the four dimensional
Schwarzschild or non-extreme charged black holes and
any fundamental string theory. Solodukhin [35] obtained
matching by adding a logarithmic quantum correction
to the black hole entropy. A gravitation term was then
added to the string entropy to get exact matching of the
two terms in the black hole entropy. Adding the extra
degrees of freedom allowedmatching. This matching only
works in four dimensions where the self-interactions are
an integer power series in gs.
Presumably we must match the black hole entropy to
the interacting string entropy rather than the free en-
tropy. It is natural to identify the “internal states” of
the black hole not with states of the free string but with
a part of the states of the interacting string. We can con-
sider the string entropy as a perturbation series with re-
spect to gs. In principle, the string entropy could possess
some non-perturbative corrections, behaving as ∼ 1/g2s .
It is also possible that the black hole states can only
turn into a subset of the available string states. If the
subset is large enough, the entropies should only differ
by a numerical coefficient of order unity. Thus a one-to-
one correspondence between black hole states and string
states my not be necessary.
B. Random Walk String
The black hole’s size at the correspondence point is of
the order of the string length scale ℓs. By contrast, long
excited string states are a chain of connected string bits,
each with length equal to ℓs. An excited string has a
tendency to spread out as in a random walk. Since one
end of each string bit will perform a random walk relative
to the other, the size of these objects must be calculated
statistically. The step size of the random walk is ℓs and
its total length is (M/Ms)ℓs, so the mean radius of the
average configuration of mass M (i.e. the radius of the
string ball) is [36, 37]
Rrw ∼
√
M
Ms
ℓs ∼
√
M ℓ 3/2s > ℓs . (6)
However, this neglects the gravitational self-interaction
of the string. This is responsible for keeping the string
compact at a size of about ℓs near the correspondence
point. Hence, shortly after the black hole to string ball
transition, the string abruptly “puffs-up” from string
length scale size ℓs to random-walk size Rrw.
At the LHC, the puff-up might not be too large or
happen at all. That is, the black hole horizon radius at
the correspondence point is f(n)ℓs, where f(n) = 1.3−2.4
for n = 3 − 6, while the maximum random-walk string
size is about ℓs/gs. Thus for small values of gs, the puff-
up would not occur.
III. ENERGY SCALES
The production of black holes and string states de-
pends on four free parameters Ms, gs, n, and MD. Typi-
cally
Ms < MD <
Ms
gs
<
Ms
g2s
. (7)
Later on, we will see that Ms/gs divides the regions be-
tween perturbative string theory and unitarity. Figure 1
displays a possible hierarchy of energy scales at the LHC.
For GR black holes, we require their mass MBH ≥
ζMD, and thus using Eq. (2)
40 TeV 10 TeV 14 TeV
MsMD Ms
gs
Ms
g2s
FIG. 1: Energy scales for black holes and string balls in the
context of the LHC energy. Not shown are the compactifica-
tion scale or the ultraviolet cutoff scale.
Mmin =
Ms
g2s
= ζMD . (8)
Normally we will take ζ ∼ 5 as required by the ther-
modynamic and Compton wavelength arguments given
in Sec. I. However, ζ ∼ 3.4 is acceptable for higher di-
mensions. If the unit coefficient in Eq. (2) is invalid, it
can somewhat be compensated for by the choice of ζ. If
the assumed ζ is too low, black hole production will be
overestimated and string ball production will be slightly
underestimated in this paper.
It is not known how much higher above Ms the en-
ergy must be in order to be in the stringy regime, where
random-walk string states are valid. As M/Ms drops to
unity this picture will no longer be valid. We take
MSB > 3Ms (9)
as a requirement for the validity of the long and jagged
picture of string balls. The exact location of this low-
energy cutoff mainly affects integrated cross sections.
Most of the results in this paper are insensitive to this
choice of cutoff provided it is not too large, in which case
neither string balls nor black holes will be observable at
the LHC.
If string theory is strongly coupled (gs ∼ 1), all the
scales would be about the same. In this case, black hole
like behavior will appear at the scale MD and all the
string states will be black hole states. For very weak
string coupling (gs ≪ 1), string ball production occurs
at very high energies and there would be no black hole
production at the LHC. For moderate values of gs there
is a significant energy range betweenMs andMmin inside
which the spectrum is intrinsically stringy and the GR
approximation fails. The fundamental Planck scale MD
is typically smaller than Mmin so the GR approximation
can fail even above MD. We will consider gs moderately
less than unity and thus a significant stringy regime be-
tween the scales Ms and Mmin can occur.
Virtual graviton effects depend on the ultraviolet cut-
off of the Kaluza-Klein (KK) spectrum. Since the funda-
mental Planck scale in models of large extra dimensions
isMD ∼ 1 TeV, it is natural to expect this cutoff to be of
the same order. It is possible that the ultraviolet cutoff
is somewhat lower thanMD. We will take an operational
approach of considering Ms to be the lowest energy scale
at which the first effects of gravity would be observed in
experiments. This approach requires Ms to be consistent
with experimental limits on gravitational effects and thus
Ms >∼ 1 TeV.
Using the two constraints (Eq. (1) and Eq. (8)) be-
tween Ms, gs, n, and MD, the string ball characteris-
tics depend on two independent parameters; we normally
choose Ms and n. Although MD is the more common in-
dependent scale, by using Ms we are working with the
lowest energy scale. All higher energy scales will be de-
termined by the constraints as well as the string coupling.
The string coupling and Planck scale are determined by
g2s = 1/ζ
n+2
n+1 (10)
and
MD = ζ
1
n+1Ms . (11)
The choice of ζ = 5 keeps the values for gs in the per-
turbative regime and MD consistent with experimental
limits. Table I shows values for the parameters gs, MD,
Ms/gs, and Ms/g
2
s when Ms = 1 TeV and ζ = 5. The
significance of Ms/gs will be explained in the next sec-
tion. Also shown in Table I are values of f(n) given by
Eq. (5), which are often ignored.
TABLE I: Parameter values for Ms = 1 TeV and ζ = 5.
n gs MD [TeV] Ms/gs [TeV] Ms/g
2
s [TeV] f
2 0.34 1.7 2.9 8.6 0.90856
3 0.37 1.5 2.7 7.5 1.33746
4 0.38 1.4 2.6 6.9 1.73470
5 0.39 1.3 2.6 6.5 2.10164
6 0.40 1.3 2.5 6.3 2.44219
IV. STRING BALL PRODUCTION
The correspondence principle also suggests that the
production cross section for string balls will match the
black hole cross section at centre of mass energies around
Ms/g
2
s :
σ(SB)|MSB=Ms/g2s ∼ σ(BH)|MBH=Ms/g2s . (12)
Because the black hole size near the correspondence point
is smaller than the excited string size, the transition may
involve the effects of strong self-gravity around this en-
ergy [37].
The production cross section for string balls with mass
between the string scale Ms and Ms/gs grows with the
centre of mass energy squared sˆ = M2 as [21]
σs ∼ g
2
s
M4s
M2 . (13)
5This expression generalizes to arbitrary dimensions as a
consequence of the independence of the string scattering
amplitude on dimensions.
Most scenarios of low-scale quantum gravity as low-
energy effective theories are valid only up to order Ms.
Above this scale, the naive calculations typically violate
perturbative unitarity. The unitarity bound for Eq. (13)
occurs at g2s sˆ/M
2
s [38]. Thus the production cross section
for string balls grows withM2 only forMs < M ≤Ms/gs.
One has to introduce some ad hoc unitarization scheme,
since a fundamental string theory is still unavailable. At
the unitarity point, Ms/gs, the string cross section is
σs =
1
M2s
. (14)
We thus take the string ball cross section to be constant
betweenMs/gs and Ms/g
2
s . The proton-proton cross sec-
tion for string ball production is dominated by the parton
density functions at low production masses. Thus if the
assumptions in Eq. (14) are incorrect and the cross sec-
tion continues to rise slowly, this effect will be hard to
detect in experimental data. The exact coefficient (nor-
malization) is a question to be determined by experiment.
The approximate match between this constant cross
section and that of a black hole at the correspondence
point becomes obvious when using the relationship be-
tween MD and Ms given by Eq. (1) in the black hole
cross section:
σBH = π
f2(n)
M2D
(
M
MD
) 2
n+1
→ πf
2(n)
M2s
(
g2sM
Ms
) 2
n+1
∼ l2s
(
g2sM
Ms
) 2
n+1
, (15)
where we have dropped numerical coefficients in the last
expression.
Including the n-dependent coefficient for the black hole
cross section, the parton cross section over all three en-
ergy regions is
σˆ =


g2sM
2
M4s
Ms ≪M ≤ Msgs ,
1
M2s
Ms
gs
≤M ≤ Msg2s ,
π f
2(n)
M2
D
(
M
MD
) 2
n+1 Ms
g2s
< M .
(16)
The lower two energy ranges lead to string ball produc-
tion and the higher one leads to black hole production.
Dimopoulos and Emparan [21] considered the cross
sections to within only numerical factors. This allowed
them to match the cross sections at the correspondence
point but changed the standard black hole cross section.
Cheung [22] multiplied the string cross sections by the
n-dependent numerical factor f2(n) to obtain matching.
This resulted in string cross sections that depended on
the number of large extra dimensions in an arbitrary way.
The cross section should contain Chan-Paton fac-
tors [39], which control the projection of the initial state
onto the string spectrum [25]. In general, this projec-
tion is not uniquely determined by the low-lying parti-
cle spectrum. This is usually accounted for by intro-
ducing one or more arbitrary constants. Besides gs and
Ms, the Veneziano amplitudes are characterized by two
constants which parameterize the Chan-Paton traces for
string models. Thus the overall coefficient in the cross
section, Eq. (13), is unknown and we will take it to be
unity. The exact value of the cross section is an experi-
mental issue.
The saturation cross section is 1/M2s . If exact conti-
nuity of the cross section is required, the correspondence
point will occur at very low energy. For all n values,
the correspondence point will be so low that it rules out
string ball production at the LHC. A discontinuity in the
cross section is not physical but with a better knowledge
of the strong gravitational effects, we could expect the
transition to be smooth.
V. STRING BALL EVAPORATION
Highly-excited long strings (averaged over degenerate
states of the same mass) emit massless (as well as mas-
sive) particles with a thermal spectrum at the Hagedorn
temperature [40]. Hence, the conventional description of
evaporation in terms of blackbody emission can be ap-
plied to highly excited string states. Assuming a type-
I string theory, the emissions can take place either in
the bulk (into closed strings) or on the brane (into open
strings).
The Hagedorn temperature is given by
Ts =
Ms√
8π
. (17)
The temperature is the same for evaporation to open
strings on the brane or closed strings in the bulk. The
Hagedorn temperature can be viewed as either the max-
imum temperature or the temperature of a phase tran-
sition. However, one should be aware that the concept
of temperature and phase transition are ill-defined in the
presence of gravity.
To leading order, the formal temperature, given by
T = (∂S/∂M)−1, is usually equal to the Hagedorn tem-
perature. The formal temperature for a free string in-
cludes a mass dependent term coming from a logarithmic
term in the entropy. This term raises the temperature for
small masses. The entropy could also include self-gravity
and fixed-size terms. Since strings emit particles with a
thermal spectrum at the Hagedorn temperature and not
the formal temperature, we will ignore any extra terms
in the temperature.
The Hawking temperature for black hole evaporation
in higher dimensions is
6TH =
n+ 1
4π
1
Rh
=
n+ 1
4πf(n)
(
MD
M
)n+1
MD
→ n+ 1
4πf(n)
(
1
g2s
)n
Ms , (18)
where the last expression is the maximum temperature at
the correspondence point. Similarly to the entropy and
cross section, the Hagedorn temperature of an excited
string matches the Hawking temperature of a black hole
at the correspondence point. In the random-walk phase,
the string still evaporates at the Hagedorn temperature,
which eventually brings the size down towards ℓs. Even if
black holes are produced at the LHC, the black holes will
decay into string balls, and eventually down to low-lying
string states.
The Hagedorn temperature in Eq. (17) is for a free
string. Perturbative corrections to that temperature
could be expected. For a highly-excited, weakly-coupled,
neutral string, the leading order term in perturbation
theory is just the Hagedorn temperature at which a very
weakly-coupled string will radiate. Thus the tempera-
ture of a string at a large level number would have a
perturbation expansion of the form
T = Ts + g
2
sF (M) + · · · . (19)
The black hole decays mainly on the brane [41]. The
emissivity depends not only on the temperature (and
thus mass) but also weakly on the total number of space-
time dimensions. An equal amount of radiation will be
emitted into the KK tower of a single bulk species as
will be emitted into a single brane species. Including
the number of degrees of freedom at the LHC, the bulk
emission is notable but still not dominant [42, 43].
The decay depends not only on the temperature but
also on the D-dimensional area of the object emitting
Hawking radiation. For black holes and random-walk
strings, the area is well defined. Moreover, because there
is no relationship between the physical size of the string
and its temperature, to first order, the decay may be dif-
ferent from that of a black hole. To examine this, we
follow the arguments of Emparan, Horowitz, and My-
ers [41] but apply them to random-walk strings. In D-
dimensions, the energy radiated by a blackbody of tem-
perature T and surface area AD is
dED
dt
= σDADT
D , (20)
where σD is the D-dimensional Stefan-Boltzmann con-
stant given by
σD =
ΩD−3
(2π)D−1(D − 2)Γ(D)ζ(D) , (21)
where ζ(D) is the Riemann zeta function, ΩD denotes
the volume of a unit D-sphere, and AD = r
D−2ΩD−2 is
the area of the string of radius r.
The ratio of emissivities in D-dimensions to four di-
mensions is given by
E˙D
E˙4
∼
(
1√
8π
)n(
M
Ms
)n
2
, (22)
where the omitted numerical coefficient increases from 1
to about 3 as n increases from 0 to 6. Shown in Fig. 2
is the ratio of emissivities. We see that the emissivity
ratio is always less than unity at the LHC. Only when
M >∼ 56Ms will the string radiate more into a single bulk
mode; this corresponds to gs < 0.13.
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FIG. 2: Ratio of emission into a single bulk mode to a single
brane mode for highly excited strings. The ratio decreases
with increasing n.
Just below the correspondence point, the string size is
a maximum and the ratio of emissivities becomes
[
E˙D
E˙4
]
max
∼
(
1√
8πgs
)n
. (23)
Thus gs <∼ 1/(
√
8π) = 0.1 for the bulk modes to dom-
inate. This result was mentioned in Ref. [21]. The re-
sult is different from Fairbairn’s [44] who ignored all n-
dependent coefficients.
VI. RESULTS
In this section, we present the results of a study of
string balls at the LHC based on the previously described
model. The black hole and string ball parton cross sec-
tions were given in Eq. (16). However, only a fraction of
the total centre of mass energy
√
s in a proton-proton col-
lision is available in the parton scattering process. The
7total cross section can be obtained by convoluting the
parton-level cross section with the parton distribution
functions, integrating over the phase space, and sum-
ming over the parton types. In this paper, we assume
all the available parton energy
√
sˆ goes into forming the
black hole or string ball. Although this might be un-
likely, it avoids confusing the effects from totally inelas-
tic string ball production with unknown inelastic effects.
Also, throughout this paper proton-proton collisions at
14 TeV centre of mass energy are considered. When re-
ferring to string ball production it is usually understood
to also include black hole production if the initial parton
energy is high enough.
Throughout this paper we use the CTEQ6L1 (leading
order with leading order αs) parton distribution func-
tions [45] within the LHAPDF framework [46]. The
momentum scale for the parton distribution functions is
set equal to the black hole or string ball mass for con-
venience. The extrapolation of the parton distribution
functions into the trans-Planckian or “trans-stringian”
region based on Standard Model evolution from present
energies is questionable, since the evolution equations ne-
glect gravity.
Figure 3 shows the total proton-proton cross section
versus Planck scale for the production of black holes and
string balls for various numbers of extra dimensions n.
We see that the string ball plus black hole cross sections
are at least an order of magnitude higher, and that a sub-
stantially enhanced range of MD could be probed with
string balls at the LHC. The black hole cross section is
weakly dependent on n, while the n dependence of the
string ball cross section is mainly due to the n-dependent
relationship between the string scale and the Planck scale
Eq. (11).
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FIG. 3: Total proton-proton cross section versus Planck scale
for the production of black holes (solid curves) and string
balls plus black holes (dashed curves) for various numbers
of extra dimensions n. The black hole cross section increases
with increasing n. The string ball cross section decreases with
increasing n.
Figure 4 shows the total proton-proton cross section
versus string scale for the production of black holes and
string balls for various numbers of extra dimensions n.
We see that the string ball plus black hole cross sec-
tions are about one to three orders of magnitude higher,
and that a substantial range of Ms could be probed with
string balls. The black hole cross sections are strongly
dependent on n because of the additional dependence on
the relationship between the string scale and the Planck
scale Eq. (11). The very weak dependence of the string
ball cross section on n is mostly due to the gs dependence
of the string ball cross section below the unitarity point,
which depends on n via Eq. (10).
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FIG. 4: Total proton-proton cross section versus string scale
for the production of black holes (solid curves) and string
balls plus black holes (dashed curves) for various numbers of
extra dimensions n. The black hole cross section increases
with increasing n.
When searching for high-mass states above or near the
Planck scale experimentally, one is likely to search for an
excess of events above a certain invariant mass thresh-
old. Thus an important quantity is the integrated cross
section above some mass threshold. Figure 5 shows the
integrated cross section versus minimum mass threshold
for n = 3 extra dimensions. Clearly visible is the cor-
respondence point at 7.5 TeV, and not so visible is the
unitarity limit at 2.7 TeV. Cross section values for masses
less than about 3Ms may not be reliable.
Figure 5 shows that for n = 3 and MD = 1.5 TeV,
the integrated cross section for black hole production is
about 10 fb. Assuming a detector efficiency of 0.1, about
10 fb−1 of data might be required to discover or rule
out GR black holes with these parameters [54]. Since
the integrated cross section for string ball production at
3Ms = 3 TeV is about 1 pb, the equivalent search for
string balls might require about 100 times less data.
To simulate string ball production and decay, we
started from a modified version of the Monte Carlo event
generator CHARYBDIS version 1.003 [47] and adapted
it for our study. The previous modifications were those
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FIG. 5: Integrated proton-proton cross section versus min-
imum mass threshold for the production of black holes and
string balls plus black holes for three extra dimensions.
described in Ref. [43], which included the addition of
gravitons, black hole recoil transverse to the 3-brane, and
brane tension resisting the black hole from leaving the
brane. For the purposes of this study, the string cross sec-
tion was added to CHARYBDIS, along with the string
parameters and the constraints between them. These
additions were verified by reproducing all the cross sec-
tion plots in this paper. For the decays, the Hagedorn
temperature for string ball decay replaced the Hawking
temperature for black hole decay. The grey-body factors
have been used in the results presented here. The num-
ber of particle degrees of freedom and the probability for
the emission of each degree of freedom was not changed
from Ref. [47].
In the previously modified version of CHARYBDIS,
the brane tension was a free parameter. By using string
theory, we now have a model in which to predict this
tension. The 3-brane tension (D-brane tension) is given
by [48, 49]
T =
M4s
(2π)3gs
. (24)
For Ms = 1 TeV, MD = 1.5 TeV, and gs = 0.37, the
dimensionless brane tension in units ofMD is 2.2×10−3.
For these parameters, there is about a 2% probability for
the black hole or string ball to leave the brane according
to the model in Ref. [43]. To avoid confusion between
string ball effects and recoil effects, we do not simulate
graviton emission or black hole recoil in the remainder of
our studies.
In the following set of figures we will compare the ex-
perimentally observable characteristics of black holes and
string balls. Figure 6 shows the multiplicity distributions
for black holes and string balls for n = 3 extra dimen-
sions. Counted in the multiplicity are only primary vis-
ible particles (no neutrinos) evaporated from the black
hole or string ball. Decays of the primary particles are
not counted. The mean multiplicities are similar but the
most probable number of particles evaporated from the
string ball is about one particle less. This is probably
due to the higher temperature of the string ball. The
string ball is capable of producing a maximum multiplic-
ity of about seven particles higher than black holes. This
is an infrequent occurrence but probably represents ini-
tial black hole production followed by decay to a string
ball. An experimental requirement of a large number of
objects in an event for black hole searches should also be
a good requirement for string ball searches.
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FIG. 6: Multiplicity distribution of visible primary particles
emitted from a) black holes with 7.5 < M < 14 TeV and b)
string balls and black holes with 3 < M < 14 TeV, for n = 3,
Ms = 1 TeV, MD = 1.5 TeV, and gs = 0.37.
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FIG. 7: Scalar sum of transverse momentum of all the visible
particles from a) black holes with 7.5 < M < 14 TeV and b)
string balls and black holes with 3 < M < 14 TeV, for n = 3,
Ms = 1 TeV, MD = 1.5 TeV, and gs = 0.37.
Figure 7 shows the distribution of the scalar sum of
the transverse momentum of each primary particle i,∑
i |~pT|i, for black hole and string ball events. The mean
drops from about 6 TeV for black hole events to about
2.7 TeV for sting ball events.
Figure 8 shows the missing transverse momentum dis-
tribution in black hole and string ball events. In this
parton-level study, missing energy is due to electron,
muon, and tau neutrinos, and their antineutrinos. The
missing transverse momentum in string ball events is
about one half of that in black hole events, and is compa-
rable to that resulting in some supersymmetric models.
Figure 9 shows the transverse momentum pT of the
highest transverse momentum jet in each event for black
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FIG. 9: Distribution of the highest transverse momentum jet
from the decays of a) black holes with 7.5 < M < 14 TeV
and b) string balls and black holes with 3 < M < 14 TeV, for
n = 3, Ms = 1 TeV, MD = 1.5 TeV, and gs = 0.37.
hole and string ball decays. In this parton-level study,
a jet is defined to be a quark, antiquark, or gluon. The
average highest-pT jet in string ball events is about 600−
700 GeV lower than in black hole events. The maximum
jet pT in string ball events is about one half of that in
black hole events.
Figure 10 shows the transverse momentum pT of the
highest transverse momentum lepton in each event for
black hole and string ball decays. In this parton-level
study, a lepton is defined to be an electron, muon, or their
antiparticles. The average highest-pT lepton in string
ball decays is about 100 − 200 GeV lower than in black
hole decays. The maximum lepton pT in string ball de-
cays is about one half of that found in black hole decays.
To discuss the Standard Model backgrounds to string
ball production, we rely on Ref. [50]. Studying the back-
grounds using a particle-level simulation would have lim-
ited validity. Potential Standard Model backgrounds to
string ball events are processes with large cross sections
and multiple jets in the event, such as top-quark pro-
duction, QCD multijet production, as well as Z and W
production in combination with multiple jets.
Since string balls (or black holes) are produced in the
s-channel and have high invariant mass,
∑
i |~pT|i is also
large. Requiring
∑
i |~pT|i > 2 − 3 TeV significantly re-
duces all but the QCD background and leaves a negligible
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FIG. 10: Distribution of the highest transverse momentum
lepton from the decays of a) black holes with 7.5 < M <
14 TeV and b) string balls and black holes with 3 < M <
14 TeV, for n = 3,Ms = 1 TeV,MD = 1.5 TeV, and gs = 0.37.
top-quark background. The QCD background is signif-
icantly reduced but, because of its high cross section, a
small residual background remains. Figure 7 shows that
in searches for string ball events it will be much more dif-
ficult to reduce backgrounds due to top-quark events and
QCD events by restricting
∑
i |~pT|, while maintaining a
reasonable acceptance for string ball events.
To reduce the background further one can require mul-
tiple high-pT jets in the event. Figure 9 shows that it will
be more difficult to reduce backgrounds using high-pT jet
requirements in string ball searches. While a requirement
of pT > 200 GeV would be useful in black hole events [50],
such a requirement applied to string ball events would be
detrimental to the search.
As a final requirement to further reduce the QCD back-
ground, a high-pT lepton requirement can be imposed.
The probability of producing a high-pT lepton in QCD
events is small. Requiring a lepton (electron or muon)
with pT > 50 − 100 GeV reduced the QCD background
to a negligible level and reduced the black hole single
by less than one half. Figure 10 shows that it will be
more difficult to maintain a high efficiency, while reduc-
ing backgrounds using a high-pT lepton requirement in
string ball searches.
VII. DISCUSSION
To search for general relativistic black holes at the LHC
one will have to look above a certain minimum invariant
mass threshold. This threshold can become high rela-
tive to typical parton-parton centre of mass energies at
the LHC if the fundamental Planck scale is a few times
higher than its current lower bound. If one tries lowering
the threshold, the general relativistic description of black
holes breaks down and a quantum gravity description is
needed.
One candidate for quantum gravity is weakly-coupled
string theory. By embedding string theory in large ex-
tra dimensions it is possible to predict the occurrence of
highly excited string states above the fundamental string
10
scale. According to the correspondence principle these
string states match those of a black hole at the energy in
which a black hole can no longer be considered as a gen-
eral relativistic object. Thus string theory allows us to
lower the minimum invariant mass threshold and search
for string balls with properties not unlike those of gen-
eral relativistic black holes. Furthermore, these string
balls are the very objects in which the general relativis-
tic black holes will turn into as they evaporate and make
a transition across the mass threshold.
Lowering the minimum invariant mass threshold will
enhance the search range for trans-Planckian objects
near the fundamental Planck scale. However, the con-
sequences of this will be a severely enhanced background
from Standard Model physics processes and supersym-
metry, if discovered at a TeV scale. Typical search sig-
natures for general relativistic black holes will involve 1)
multiple high-pT objects (jets, leptons, and photons), 2)
high energy in the events, measurable by
∑
i |~pT|i, 3)
large missing energy, 4) spherical event shapes, etc. [50].
While all of these quantities are significantly higher in
general relativistic black hole events than in typical Stan-
dard Model events, this will not be true for string balls,
unless the string scale is significantly higher than about
1 TeV, but not too high as to exclude them from being
produced at the LHC.
Some might consider the paradigm of large extra di-
mensions to be unlikely, and the possibility of produc-
ing black holes, let along string states, to be highly un-
likely. However, those same people should admit that
current experimental bounds on fundamental parameters
and searches have not yet ruled out their possibility at the
LHC. On the other hand, black holes offer some of the
most interesting and broadest manifestations of funda-
mental physical principles. There is no reason to believe
that highly-excited string states would not also offer just
as rich physics. It is for these reasons that searches for
general relativistic black holes and other trans-Planckian
phenomena must be initially taken seriously. This pa-
per provides a framework to allow experimentalists to
develop search strategies for highly-excited string states
within the context of weakly-coupled string theory em-
bedded in large extra dimensions.
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